below, the primary cause of growth retardation and and of nonmineralized cartilage with Alizarin red and eventual death of HDAC4 mutant mice appears to be Alcian blue, respectively, revealed premature mineralthe inappropriate ossification of cartilaginous skeletal ization of cartilage in skeletal elements ossifying through elements, which impacts on mobility and ability to endochondral ossification in all mutant mice analyzed breathe.
at P8. This was particularly evident in the chondrocostal To confirm that the targeted mutation eliminated funccartilage (Figures 2Aa and 2Ab ). In addition, the syntional HDAC4, we performed RT-PCR using primers for chondroses in the base of the skull between the presequences upstream and downstream of the lacZ insersphenoid and basisphenoid bones and between the bation site. There was a complete absence of wild-type sisphenoid and basioccipital bones were completely HDAC4 transcripts in tissues from homozygous mutant mineralized in HDAC4 Ϫ/Ϫ but not in wild-type mice (Figmice (Figure 1E ). We also examined the expression of ures 2Ac and 2Ad). This fusion prevents longitudinal HDACs 1, 2, 3, 5, 6, 7, 8, and 9 by RT-PCR in tissues growth of the skull and results in dorsal and caudal from wild-type and HDAC4 mutant mice. Transcripts displacement of the brain, producing a domed skull. In encoding these HDACs were expressed at normal levels the vertebrae of HDAC4 Ϫ/Ϫ mice, the ossification centers in the mutant, indicating that other HDACs were not of the arch and body were fused such that no cartilage upregulated to compensate for the absence of HDAC4.
remained (Figures 2Ae and 2Af) . The cartilaginous regions of the hyoid bone were also completely ossified in the HDAC4 mutant mice (Figures 2Ag and 2Ah) . Bones HDAC4-Null Mice Display Skeletal Defects that form through intramembranous ossification, i.e., Tissue dissections and histological examination of without a cartilaginous intermediate, such as bones of HDAC4-null mice revealed no obvious abnormalities of the cranium and the clavicle, were unaffected in the the heart, skeletal muscle, or other major organs exammutant mice. These phenotypic abnormalities were alined. However, numerous skeletal abnormalities were readily apparent. Staining of mineralized bone/cartilage ready present at E18 of embryonic development. In- deed, examination of the developing wrist revealed prespecific matrix. The specificity of the bone abnormalities in HDAC4 mutant mice suggested that the primary demature mineralization in HDAC4 Ϫ/Ϫ animals ( Figure 2B ). Fusion of the ossification centers of the arch and body fect might be in the control of chondrocyte hypertrophy . of the vertebrae was also beginning at this stage.
Chondrocyte hypertrophy is a mandatory process Ectopic Chondrocyte Hypertrophy in HDAC4-Null Mice during endochondral bone formation. The cartilage growth plate of developing bones consists of proliferatSince the chondrocostal cartilage never mineralizes in wild-type mice, whereas it was almost completely minering chondrocytes that exit the cell cycle and transition to become prehypertrophic and then hypertrophic chonalized in HDAC4-null animals, we focused our attention on this skeletal element. To pinpoint the onset of skeletal drocytes (Karsenty and Wagner, 2002 Figures 3A and 3B) . At P5, hypertrophic chondrocytes were present throughout the chondrocostal cartilage of the mutants, and by P8, a mature ossification center was established and hypertrophic cartilage was replaced by trabeculated bone (Figures 3A and 3B ). These phenotypic abnormalities were not restricted to the chondrocostal cartilage and were also evident in other skeletal elements such as the vertebrae, occipital sutures, and the sternum, which was ossified already at P2 (data not shown and Figure 3A trophy might require the release of Runx2 from a represhad no effect on Runx2 binding. We conclude that the association of HDAC4 with the Runt domain of Runx2 sive influence of HDAC4. To address this possibility, we tested the effect of HDAC4 on the transcriptional activity interferes with DNA binding by Runx2 and, consequently, inhibits activation of Runx2 target genes. of Runx2. Indeed, the ability of Runx2 to activate a luciferase reporter controlled by tandem copies of the Runx2 binding site was repressed by HDAC4 in a dose-depenDetection of HDAC4-Runx2 Interaction dent manner ( Figure 5A) . A signal-resistant and constituby Chromatin Immunoprecipitation tively nuclear mutant of HDAC4 in which three serines To further explore the potential role of HDAC4 in represresponsible for nuclear export were mutated to alanines sion of Runx2 activity, we examined the effect of HDAC4 (HDAC4-S/A) was an even more potent repressor of on Runx2 association with the Runx2 promoter by chroRunx2. HDAC4 repression was dependent on Runx2 matin immunoprecipitation (ChIP) of extracts from DNA binding, as a reporter construct containing a mumouse primary chondrocytes infected with adenovirus tant Runx2 site was largely unaffected by HDAC4 ( Figure  expression vectors encoding HDAC4 or GFP as a nega-5A). In contrast to the complete inhibition of Runx2 activtive control. As shown in Figure 5E , the association of ity by HDAC4, the activity of Sox9, a transcription factor Runx2 with the Runx2 promoter was readily detected required for commitment to the chondrocyte lineage by ChIP assay, and this interaction was diminished in (Akiyama et al., 2002) , was only modestly repressed by the presence of HDAC4. Adenoviral expression of HDAC4 (data not shown). These results suggest that HDAC4 also specifically suppressed the acetylation of Runx2 is a key target for the repressive influence of histone H3 on the Runx2 promoter. These results sup-HDAC4 on chondrocyte hypertrophy and mineralization port the conclusion that HDAC4 negatively influences of developing bones.
Runx2 activity in vivo and provide a potential explanation for the increase in Runx2 expression in HDAC4 mutant mice.
HDAC4 Interacts Directly with Runx2
To explore the mechanism for HDAC4-mediated repression of Runx2 activity, we tested whether HDAC4 and HDAC4 Is Sufficient to Inhibit Chondrocyte Hypertrophy In Vivo Runx2 could physically interact. As shown in Figure 5B , coimmunoprecipitation experiments demonstrated the The above findings suggested that HDAC4 suppressed Runx2 activity, which would be expected to prevent association of HDAC4 and Runx2. This interaction was localized to the Runt DNA binding domain of Runx2.
chondrocyte hypertrophy and, therefore, bone formation in skeletal elements that ossify through endochonThe Runx2 interaction domain of HDAC4 was localized to the first 220 amino acids of the protein, which also dral bone formation. To determine whether HDAC4 could inhibit chondrocyte hypertrophy in vivo, we genercontains the MEF2 binding region. HDAC4 binding to Runx2 was necessary for full repression of Runx2 activated mice bearing a transgene in which the signal-resistant HDAC4 mutant was overexpressed in proliferating ity ( Figure 5C ). However, we observed residual repressive activity with two HDAC4 deletion mutants (301-chondrocytes under control of the ␣1(II) collagen promoter. Skeletons of at least 12 ␣1(II)-HDAC4 transgenic 1084 and 641-1084) that did not display detectable binding to Runx2 ( Figure 5C ). Whether the latter mutants animals were analyzed at E18.5. As shown in Figure  6A , ␣1(II)-HDAC4 transgenic mice displayed a severe bind Runx2 weakly or act through a mechanism distinct from that of the Runx2 binding domain of HDAC4 is unskeletal phenotype, mimicking that of Runx2-deficient mice, characterized by the lack of mineralized bone as clear.
The manufacturer's instructions. For electromobility shift assay (EMSA), double-stranded oligonucleotides corresponding to the osteocalcin into C57BL/6 blastocysts to produce chimeric mice. Chimeric mice obtained from one targeted ES clone were bred to C57BL/6 mice OSE2 site containing the Runx2 binding site were 32 P-labeled. EMSA was performed as previously described (Ducy et al., 1997) . to obtain germline transmission. All experiments described here were performed with mice of a C57BL/6/129 mixed background.
ChIP Assays ChIP assays were performed using soluble chromatin prepared from RNA Isolation and Analysis primary mouse chondrocytes infected with adenovirus expression Total RNA was isolated from tissues with Trizol reagent and used vectors encoding HDAC4 or GFP at a multiplicity of infection of 10. as a template for reverse transcriptase with primers specific for Primer sequences are available upon request. each HDAC transcript (Invitrogen) according to manufacturer's instructions. Primer sequences are available upon request.
Transgenic Mice A chondrocyte-specific HDAC4 transgene was constructed by subCartilage and Bone Staining cloning the signal-resistant HDAC4-S/A mutant, in which serines Embryonic or newborn mice were skinned, eviscerated, and fixed 246, 467, and 632 were changed to alanines (McKinsey et al., 2000b) , in ethanol. Skeletal preparations were stained using Alcian blue and between a 3-kb fragment of the ␣1(II) promoter and its 3-kb chondroAlizarin red, respectively, as described previously (McLeod, 1980) . cyte-specific enhancer region (Zhou et al., 1998). Linearized transSoft tissue was removed by incubation in 2% KOH.
genic construct was injected into the pronuclei of fertilized oocytes as described previously (Cheng et al., 1993). At least 12 F 0 transgenic Histological Analysis offspring were harvested and analyzed for changes in skeletal develTissues were fixed in 10% phosphate-buffered formalin at 4ЊC. Samopment. The severity of the skeletal phenotype in these mice correples were then embedded in paraffin, sectioned at 5 m, and stained lated with transgene copy number. with hematoxylin and eosin.
